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Abstract
Potato virus X (PVX) TGBp3 is required for virus cell-to-cell movement. Cell-to-cell movement of TGBp3 was studied using biolistic
bombardment of plasmids expressing GFP:TGBp3. TGBp3 moves between cells in Nicotiana benthamiana, but requires TGBp1 to move
in N. tabacum leaves. In tobacco leaves GFP:TGBp3 accumulated in a pattern resembling the endoplasmic reticulum (ER). To determine
if the ER network is important for GFP:TGBp3 and for PVX cell-to-cell movement, a single mutation inhibiting membrane binding of
TGBp3 was introduced into GFP:TGBp3 and into PVX. This mutation disrupted movement of GFP:TGBp3 and PVX. Brefeldin A, which
disrupts the ER network, also inhibited GFP:TGBp3 movement in both Nicotiana species. Two deletion mutations, that do not affect
membrane binding, hindered GFP:TGBp3 and PVX cell-to-cell movement. Plasmids expressing GFP:TGBp2 and GFP:TGBp3 were
bombarded to several other PVX hosts and neither protein moved between adjacent cells. In most hosts, TGBp2 or TGBp3 cannot move
cell-to-cell.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Potato virus X (PVX) is a positive-strand RNA virus and
is the type member of the Potexvirus genus. The potexvirus
genome encodes five proteins (Huisman et al., 1988). The
gene nearest the 5 end of the PVX genome encodes a
166-kDa replicase protein (Davenport and Baulcombe,
1997). Adjacent to the viral replicase is a genetic module of
three partially overlapping open reading frames, termed the
“triple gene block,” which is required for virus cell-to-cell
and vascular transport (Huisman et al., 1988). The PVX
triple gene block proteins (named TGBp1, TGBp2, and
TGBp3) have molecular masses of 25, 12, and 8 kDa (Beck
et al., 1991; Verchot et al., 1998). The coat protein (CP)
gene, which lies near the 3 end of the genome, is required
for encapsidation and viral intercellular trafficking (Chap-
man et al., 1992; Forster et al., 1992).
The triple gene block proteins are highly conserved
among members of the genera Potexvirus, Hordeivirus,
Benyvirus, and Carlavirus (Memelink et al., 1990; Morozov
et al., 1987; Skryabin et al., 1988). Potexvirus and hordei-
virus TGBp1 proteins can induce plasmodesmata gating,
move cell-to-cell, bind RNA, and have ATPase activity
(Donald et al., 1997; Rouleau et al., 1994; Yang et al.,
2000). The potexvirus TGBp1 might transport viral RNAs
through plasmodesmata into adjacent cells, similar to the
Tobacco mosaic virus (TMV) P30 movement protein
(Donald et al., 1997; Lough et al., 1998, 2000). Cell-to-cell
movement of TGBp1 is restricted to transgenic tobacco
expressing either the PVX CP or the combined TGBp2 and
TGBp3 (Krishnamurthy et al., 2002). Thus, TGBp1 may
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interact either with CP or with a complex of TGBp2 and
TGBp3 proteins in a manner that regulates TGBp1 cell-to-
cell movement (Krishnamurthy et al., 2002).
Plasmids containing the green fluorescent protein (GFP)
gene fused to PVX TGBp2 or TGBp3 proteins were bom-
barded to Nicotiana benthamiana and N. tabacum leaves
(Krishnamurthy et al., 2002). GFP:TGBp2 and GFP:TGBp3
could move between adjacent cells in N. benthamiana
leaves but neither could move in N. tabacum leaves, sug-
gesting that the requirements for protein cell-to-cell move-
ment may vary in different hosts. Cell-to-cell movement of
either GFP:TGBp2 or GFP:TGBp3 was observed in trans-
genic leaves expressing TGBp1. Thus, movement of
TGBp2 or TGBp3 requires TGBp1 in N. tabacum leaves
(Krishnamurthy et al., 2002).
Amino acid sequence analyses suggested that TGBp2
and TGBp3 have hydrophobic sequences that may be trans-
membrane segments (Morozov et al., 1987; Solovyev et al.,
1996). However, there is no experimental evidence support-
ing the hypothesis that potexvirus TGBp2 or TGBp3 are
membrane associated. In this study, we provide evidence
that PVX TGBp3 associates with the endoplasmic reticulum
(ER) network and this association is important for protein
and virus cell-to-cell movement. Targeted mutations were
introduced into either the computer predicted transmem-
brane segment or the C-terminal cytosolic domain of
TGBp3, and the effects of these mutations on protein cell-
to-cell movement and on PVX movement were studied.
Based on the results obtained in this study, we present two
models describing cell-to-cell movement of TGBp3.
Results
PVX TGBp3 associates with the ER network
Experiments were conducted to determine if the PVX
TGBp3 protein is associated with the endomembrane sys-
tem or cytoskeleton. GFP was fused to the 5 end of the
PVX TGBp3 gene and inserted into pRTL2 plasmids adja-
cent to a CaMV 35S promoter. The pattern of GFP:TGBp3
accumulation was compared to the pattern of GFP, mGFP5-
ER, GFP:MBD, and GFP:Talin accumulation in tobacco
epidermal cells. The plasmid pBIN-mGFP5-ER contains a
modified GFP fused to ER-targeting and retention signals,
and therefore GFP accumulates in the ER lumen (Haseloff
et al., 1997). Other constructs used were the pGFP:MBD
plasmid, which has GFP fused to the microtubule-binding
domain of the MAP4 gene (a generous gift from Dr. R. Cyr,
Penn State University), and pRTL2-GFP:Talin, which has
GFP fused to the F-actin-binding domain of the mouse Talin
gene (Kost et al., 1998).
Plasmids were bombarded to N. tabacum or N. benthami-
ana leaves and the pattern of fluorescence accumulation was
studied 24 h post bombardment (hpb) using confocal mi-
croscopy. Representative examples of images obtained us-
ing bombarded N. tabacum and N. benthamiana leaves are
shown in Fig. 1. In this study bombarded leaves expressing
mGFP5-ER displayed a reticulate network (Fig. 1B) de-
scribed in previous studies to represent the ER network in
living plant cells (Boevink et al., 1998; Dunoyer et al.,
2002; Haseloff et al., 1997; Reichel and Beachy, 1998;
Ridge et al., 1999). Confocal images of cells containing
GFP:MBD or GFP:Talin show filamentous arrays typical of
microtubule and actin networks (Fig. 1B and C).
The network pattern of GFP:TGBp3 in N. tabacum and
N. benthamiana leaves resembled the network containing
mGFP5-ER (Fig. 1E and F). In both cases, the pattern of
fluorescence resembled a polygonal network of thin tubules
and cisternae. The network pattern did not resemble a net-
work of microtubules, as visualized in GFP:MBD-express-
ing cells, nor a network of actin filaments, as visualized in
GFP:Talin-expressing cells (compare images in Fig. 1).
Tobacco leaves were identified as source or sink using
carboxyfluorescein (CF) dye to determine if the pattern of
protein accumulation was affected by the developmental
stage of the leaf. In this study the pattern of GFP:TGBp3
accumulation in bombarded leaves was similar in source
and sink leaves. Thus, the developmental stage of the leaf
did not determine protein subcellular accumulation (data not
shown).
Chemical inhibitors alter the pattern of GFP:TGBp3
accumulation
Bombarded leaves were treated with brefeldin A (BFA)
or latrunculin B. BFA in concentrations exceeding 100
g/ml severely disrupts the ER and Golgi network (Hen-
derson et al., 1994; Ritzenthaler et al., 2002). Latrunculin B
depolymerizes actin filaments.
Initially, we wanted to determine whether these drugs
were generating the desired effects on the cytoskeleton and
endomembrane system in Nicotiana leaves. In leaf cells
expressing GFP:Talin, a 2 h latrunculin B treatment resulted
in a significant reduction in the number of filamentous
structures, leaving only a few fragmented and thick actin
cables in the cell (Fig. 2A). For BFA, a concentration of 200
g/ml for a period of 3–4 h was necessary to cause disrup-
tion in the pattern of the ER. In contrast to the reticulate
pattern consistently observed in control leaves, BFA-treated
leaves displayed strongly fluorescent islands that were dis-
persed throughout the cytoplasm (Fig. 2B).
Having determined that the drugs were exerting their
expected effects on the cytoskeleton and ER networks, we
then examined how these drugs affected the distribution of
GFP:TGBp3. As in BFA-treated cells expressing mGFP5-
ER, BFA caused extensive reorganization of the fluorescent
networks in GFP:TGBp3-expressing cells (Fig. 2B and C).
In bombarded leaves, GFP:TGBp3 was in islands that were
dispersed throughout the cell, suggesting that GFP:TGBp3
is targeted to the ER network.
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Fig. 1. Cellular localization of TGBp3, ER, F-actin, and microtubules using GFP fusions and confocal microscopy in tobacco leaf epidermal cells. Images
of N. tabacum source leaves showing fluorescence due to GFP (A), mGFP5-ER (B), GFP:MBD (C), and GFP:Talin (D). Similar images were obtained using
N. benthamiana leaves (data not shown). N. tabacum and N. benthamiana leaves expressing GFP:TGBp3 show similar patterns of protein accumulation (E
and F). The top and bottom panels under each heading are low and high magnification images. Bars in the top panels represent 40 m and in the bottom
panels represent 8 m. (A) Free GFP displays diffuse cytoplasmic fluorescence. (B) mGFP5-ER is associated with polygonal networks (white arrows). (C)
and (D) GFP:MBD and GFP:Talin display the filamentous labeling pattern typical of the cytoskeletal network. (E) and (F) N. tabacum or N. benthamiana
leaves were bombarded with pRTL2-GFP:TGBp3 plasmids. Note the association of green fluorescence with polygonal networks in leaf epidermal cells
transiently expressing GFP:TGBp3 (white arrows).
The effect of latrunculin B on the reticulate network in
GFP:TGBp3-expressing cells was similar to the effect of the
chemical on the ER network seen in mGFP5-ER-expressing
cells (Fig. 2B and C). In mGFP5-ER- and GFP:TGBp3-
expressing cells treated with latrunculin B, fluorescence
appeared in lamellar sheets of ER (Fig. 2B and C). It has
been demonstrated previously that chemicals which effect
actin depolymerization can also change the shape of the ER
network in plant cells (Knebel et al., 1990). Thus the data
obtained in this study resemble observations made in pre-
vious studies (Knebel et al., 1990).
PVX TGBp3 has one predicted transmembrane segment
The PVX TGBp3 amino acid sequence was aligned with
TGBp3 sequences of nine other known potexviruses using
ClustalW (Fig. 3A). The alignment resembles previously
published alignments and contains stretches of uncharged
Fig. 2. Bombarded N. tabacum source leaves expressing various GFP fusion proteins were treated with chemical inhibitors. Bars  40 m. (A) Cells
expressing GFP:Talin show abundant parallel actin filaments. Images show less filaments in cells expressing GFP:Talin when treated with latrunculin B. (B)
Leaves expressing mGFP5-ER were treated with BFA or latrunculin B. Images show the polygonal ER network. In mGFP5-ER-expressing cells treated with
BFA, fluorescent aggregates (yellow arrows) that are variable in size become dispersed throughout the cell. (C) Leaves bombarded with pRTL2-GFP:TGBp3
were treated with BFA or latrunculin B. Fluorescent aggregates appeared in both BFA-treated (yellow arrows) and latrunculin B treated cells (white
arrowheads).
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Fig. 3. Amino acid sequence analysis of potexvirus TGBp3 proteins. (A) Amino acid sequence alignment was conducted using ClustalW and shows amino acid
residues conserved among potexvirus TGBp3 proteins. Amino acids indicated in green are structurally conserved and those indicated in yellow are identical. Below
the alignment is a yellow star highlighting identical residues and a green colon indicating structurally conserved residues. Thick black bars indicate sites where
mutations were inserted. Conserved residues were identified according to Bordo and Argos (1991). (B) A graphic depiction of putative transmembrane domains was
obtained using TMAP. The bar at the top indicates a single putative transmembrane segment. A single transmembrane domain was identified which spans amino
acid position 2 to 25, within the PVX TGBp3 protein sequence. The x-axis indicates the position of each residue in the TGBp3 sequence. The y-axis is the propensity
value associated with each position. The black line corresponds to Pm values and values above 1.0 indicate a propensity for membrane association. TMAP uses two
propensity values to predict the middle portions of the transmembrane segments (Pm) and the terminal regions of the transmembrane segments (Pe) that are based
on the average scores calculated for each position in an alignment. Values above 1.0 indicate a preference to be lipid associated. Eight or more consecutive Pm values
greater than 1.18 and peak values greater than 1.23 determine membrane spanning segments. The red line corresponds to Pe values and values above 1.08 but less
than 1.17 determine termini of the membrane spanning regions and the peak Pe values were required to be 20 to 33 positions apart. Where the gray line for Pe values
is above 1.0 and overlaps the black line for Pm values identifies likely ends of the transmembrane segments.
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amino acid residues (Huisman et al., 1988; Morozov et al.,
1987). There are three amino acid residues, Val15, Cys32,
Gly38, that are highly conserved (Fig. 3A).
The TMAP (transmembrane multiple alignment predic-
tion) program was used to predict putative transmembrane
domains of the potexvirus TGBp3 proteins. The TMAP
program uses a method by Persson and Argos (1994) for
predicting transmembrane helix segments from multiple
aligned sequences. Persson and Argos (1994) predict that
hydrophobic stretches of approximately 21 amino acids in
length are generally required to span a lipid bilayer. TMAP
uses two propensity values to predict the middle portions of
the transmembrane segments (Pm) and the terminal regions
of the transmembrane segments (Pe) that are based on the
average scores calculated for each position in an alignment.
Values above 1.0 indicate a preference to be lipid associ-
ated. Eight or more consecutive Pm values greater than 1.18
and peak values greater than 1.23 determine membrane
spanning segments. Pe values above 1.08 but less than 1.17
determine termini of the membrane-spanning regions and
the peak Pe values were required to be 20 to 33 positions
apart. The output of TMAP contains the number of pre-
dicted transmembrane segments, the predicted start and end
of each transmembrane segment, and the predicted length of
each transmembrane segment (Persson and Argos, 1994).
The potexvirus TGBp3 proteins have one conserved hy-
drophobic domain that is predicted to be a transmembrane
segment (Fig. 3B). The predicted transmembrane segment
spans amino acid position 2 to 25, within the PVX TGBp3
protein sequence. The C-terminal two-thirds of TGBp3 lies
outside of the membrane (Fig 3B).
To test the prediction that the N-terminal hydrophobic
segment of PVX TGBp3 is a transmembrane domain, three
substitution mutations (m1, m2, and m3) were introduced
into the PVX TGBp3 sequence within the plasmid pRTL2-
GFP:TGBp3 (Figs. 3A and 4A). The substitution mutations
each contained nine nucleotides, encoding Ser-Arg-Pro res-
idues. These nine nucleotides were selected based on the
results of a previous study analyzing membrane insertion of
the Tobacco etch virus (TEV) 6K membrane-spanning pro-
tein. Nine nucleotides encoding Ser-Arg-Pro residues were
introduced into the 6K gene within the region encoding the
transmembrane domain (Restrepo-Hartwig and Carrington,
1994). The Ser-Arg-Pro tripeptide disrupted membrane in-
sertion of TEV 6K (Restrepo-Hartwig and Carrington,
1994).
The plasmid pRTL2-GFP:TGBp3m1 contains a nine-
nucleotide substitution mutation within the region of
TGBp3 that encodes the transmembrane segment. This mu-
tation results in the substitution of Ala-Val-Iso with Ser-
Arg-Pro (Figs. 3A and 4A). The m2 and m3 mutations result
in substitution of Ile-Thre-Gly or Ala-Ile-Ala with Ser-Arg-
Pro (Figs. 3A and 4A). The m2 and m3 mutations are not
predicted to disrupt membrane insertion of TGBp3 but may
alter other TGBp3 activities. Only the m1 mutation is pre-
dicted to disrupt membrane insertion of GFP:TGBp3 (Figs.
3A and 4A).
The plasmids pRTL2-GFP:TGBp3m1, -GFP:TGBp3m2,
-GFP:TGBp3m3 were bombarded to N. tabacum and N.
benthamiana source leaves and the pattern of fluorescence
was similar in both Nicotiana species. In cells expressing
GFP:TGBp3m1, fluorescence was not detected in the ER
network (Fig. 4B). GFP:TGBp3m1 accumulated primarily
in the cytoplasm, suggesting that the m1 mutation disrupted
membrane insertion of the GFP:TGBp3 protein. In cells
expressing GFP:TGBp3m2 or GFP:TGBp3m3, fluores-
cence was detected in the reticulated network (Fig. 4B). The
pattern of GFP:TGBp3m2 and GFP:TGBp3m3 accumula-
tion resembled the pattern of mGFP5-ER accumulation in
Fig. 1, suggesting that the m2 and m3 mutations did not
alter TGBp3 membrane insertion.
TGBp3 mutations hinder virus movement
The m1, m2, and m3 mutations were each introduced
into the PVX genome to determine if TGBp3 cell-to-cell
movement was essential for viral systemic and cell-to-cell
movement. The plasmid pPVX204e contains a cDNA copy
of the PVX genome adjacent to the CaMV 35S promoter,
and the GFP open reading frame fused to a duplicated CP
subgenomic RNA promoter inserted into the viral genome
(Baulcombe et al., 1995). The plasmids pPVX204p3m1,
pPVX204p3m2, and pPVX204p3m3 contain the m1, m2,
and m3 mutations in the TGBp3 gene within the PVX
genomic cDNA (Fig. 5). Two addition deletion mutations
were made eliminating sequences within the C-terminal
region of TGBp3 (Fig. 5). PVX204p3m2C lacks 96 nu-
cleotides and PVX204p3m3C lacks 36 nucleotides near
the C-terminus of TGBp3. These plasmids were biolistically
delivered to N. benthamiana or nontransgenic N. tabacum
plants. The spread of GFP fluorescence was used to measure
the diameter of infection foci on each inoculated leaf at
various times postinoculation to determine the rate of virus
cell-to-cell movement (Fig. 6A and B).
In N. benthamiana or N. tabacum leaves, PVX204e
spread systemically within 9 to 13 days postinoculation
(dpi) in both Nicotiana spp. (Fig. 5). PVX204p3m1 was
restricted to single cells in both hosts, suggesting that
TGBp3 membrane binding is important virus movement in
both Nicotiana spp.
PVX204p3m2C and PVX204p3m3C viruses were
also restricted to single cells, while PVX204p3m2 and
PVX204p3m3 moved cell-to-cell at a rate that was slower
than PVX204e (Fig. 6A and B). PVX204p3m3, but not
PVX204p3m2, spread systemically (Fig. 5). PVX204p3m3
was detected in the upper leaves approximately 14 to 16 dpi,
which is slightly delayed from when PVX204e was detected
in upper leaves. The different effects of the m2 and m3
mutations on virus cell-to-cell movement suggest sequences
within the C-terminal region of TGBp3 separately contrib-
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ute to virus cell-to-cell and vascular transport. Another
possibility is that these mutations may have differently
affected protein stability.
PVX204p3m1, PVX204p3m2, and PVX204p3m3 were
inoculated to transgenic tobacco expressing GFP:TGBp3 to
determine if the fusion protein can complement virus move-
ment. Wild-type PVX204e and each of the mutant viruses
spread systemically in GFP:TGBp3-expressing transgenic
tobacco (Fig. 5). Virus was detected in upper noninoculated
leaves 14 to 20 dpi (data not shown). These data indicate
that the GFP:TGBp3 fusion protein can function to promote
viral cell-to-cell movement.
TGBp3 mutations alter protein intercellular movement in
N. benthamiana and TGB100 leaves
In a previous study the pRTL2-GFP:TGBp3 plasmids
were biolistically delivered to N. benthamiana leaves, N.
tabacum leaves, and TGBp1-expressing transgenic N. taba-
cum leaves (named TGB100). GFP:TGBp3 moved between
adjacent cells in N. benthamiana leaves and in TGB100
transgenic N. tabacum leaves, but did not move between
cells in N. tabacum leaves (Table 1) (Krishnamurthy et al.,
2002). Thus, in N. tabacum leaves, TGBp1 is essential for
TGBp3 cell-to-cell movement. Moreover, TGBp3 moves
Fig. 4. Mutant pRTL2-GFP:TGBp3 plasmids bombarded to tobacco leaves. (A) Diagrammatic representation of the wild-type and mutant GFP:TGBp3 coding
sequences. Gray boxes indicate GFP and the open boxes indicate TGBp3. Thick black lines in TGBp3 indicate the substitution mutations m1, m2, and m3.
Substitution changes in TGBp3, due to each mutation, are indicated on the right. Two deletion mutations were introduced into GFP:TGBp3. The resulting
amino acid deletions within the TGBp3 protein are indicated on the right. (B) Images showing fluorescence due to GFP:TGBp3ml, GFP:TGBp3m2, or
GFP:TGBp3m3 in N. tabacum leaves. Fluorescence in GFP:TGBp3m1 leaves was dispersed throughout the cells in N. tabacum or N. benthamiana (data not
shown) leaves. GFP:TGBp3m2 and GFP:TGBp3m3 were each in a reticulated network in N. tabacum and N. benthamiana leaves. Bars  8 m.
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between adjacent cells in source, but not sink leaves, sug-
gesting that protein cell-to-cell movement is affected by leaf
development. GFP:TGBp3 did not move between adjacent
cells in nontransgenic or TGB100 N. tabacum sink leaves
(Krishnamurthy et al., 2002).
The plasmids pRTL2-GFP, -GFP:TGBp3, -GFP:
TGBp3m1, -GFP:TGBp3m2, and -GFP:TGBp3m3, -GFP:
TGBp3m2C, and -GFP:TGBp3m3C were used to deter-
mine if these mutations can alter protein cell-to-cell
movement (Fig. 7). Each plasmid was bombarded to N.
benthamiana, nontransgenic N. tabacum, and TGB100
transgenic N. tabacum leaves and fluorescence was moni-
tored 24 hpb using epifluorescence microscopy. Leaves
were identified as source or sink using CF dye.
GFP accumulated primarily in single epidermal cells in
N. benthamiana or nontransgenic N. tabacum leaves that
were bombarded with pRTL2-GFP plasmids (Table 1). On
rare occasions GFP was detected in two adjacent cells.
Similar background levels were reported in related studies
and might occur on occasions when plasmids were deliv-
ered to neighboring cells (Itaya et al., 1997; Krishnamurthy
et al., 2002; Yang et al., 2000).
As in a previous study, GFP:TGBp3 was detected in
multiple cell clusters in N. benthamiana source leaves at 1
Table 1
Cell-to-cell movement of GFP, GFP:TGBp3, and GFP:TGBp3 mutants in Nicotiana benthamiana, TGB100, and nontransgenic N. tabacum leaves
Plasmids (pRTL2-) Proportion of sites containing GFP activity in multiple cellsa
N. benthamiana N. tabacum
TGB100
N. tabacum
GFP 3.9% (5/127)cA 2.8% (4/145)cA 3.8 (4/106)aA
GFP:TGBp3 30.1 (22/73)aA 26.6 (45/169)aA 3.9 (4/103)aB
GFP:TGBp3m1 2.5 (2/80)cA 1.8 (3/166)cA 2.9 (3/105)aA
GFP:TGBp3m2 12.5 (10/80)bA 10.6 (12/113)bAB 3.8 (4/105)aB
GFP:TGBp3m3 12.8 (10/78)bA 11.7 (21/179)bA 4.0 (4/101)aB
GFP:TGBp3m22 12.5 (13/104)bA 12.8 (14/109)bA 3.9 (4/103)aB
GFP:TGBp3m33 12.7 (14/110)bA 14.0 (15/107)bA 3.8 (4/105)aB
a Percentages of fluorescent cell clusters observed 1 dpb in N. benthamiana, nontransgenic N. tabacum, and in transgenic TGB100 N. tabacum source leaves
are indicated. Cell clusters are defined as two or more adjacent cells. The total numbers of cell clusters relative to the total number of sites containing GFP
are in parentheses (singledouble cells). Multiple comparisons were performed for each plasmid in N. benthamiana, N. tabacum nontransgenic source, or
TGB100 source leaves. Values followed by the same lowercase letter within each column are not significantly different using PROC FREQ of SAS at P 
0.05. N. benthamiana, N. tabacum nontransgenic and TGB100 source leaves were compared for each plasmid, and values followed by the same uppercase
letter, within each row, were not significantly different using PROC FREQ of SAS at P  0.05.
Fig. 5. Mutational analysis of TGBp3 in PVX. Diagrammatic representations of wild-type and mutant PVX204e viruses are indicated on the left. Viruses were
inoculated to N. tabacum and N. benthamiana and GFP:TGBp3 transgenic plants. Total numbers of plants in which virus systemic movement relative to the
total number of plants inoculated are presented. Only PVX204e and PVX204p3m3 spread systemically in N. tabacum or N. benthamiana leaves.
PVX204p3ml, PVX204p3m2, PVX204p3m2C, and PVX204p3m3C did not move cell-to-cell or systemically. PVX204e, PVX204p3m1, PVX204p3m2,
and PVX204p3m3 were each inoculated to transgenic N. tabacum expressing the GFP:TGBp3 fusion protein. All four viruses moved systemically in the
GFP:TGBp3-expressing plants, indicating that the fusion protein can complement movement of these defective viruses. ND  not determined.
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dpb (Table 1) (Krishnamurthy et al., 2002). Typically,
30.1% of sites containing GFP:TGBp3 were multiple cell
clusters (Table 1). In TGB100 source leaves, 26.6% of the
sites contained GFP:TGBp3 in cell clusters. In all leaves,
the proportion of cell clusters containing GFP:TGBp3 was
significantly greater than the proportion of cell clusters
containing GFP (P  0.05) (Table 1). GFP:TGBp3 accu-
mulated primarily in single cells in nontransgenic N. taba-
cum leaves.
In N. benthamiana and TGB100 N. tabacum leaves,
GFP:TGBp3m1 was detected primarily in single epidermal
cells. Between 1.8 and 2.5% of sites viewed in each Nico-
tiana species contained GFP:TGBp3m1 in adjacent cells.
Statistical analyses indicate that the proportions of sites
containing GFP or GFP:TGBp3m1 in multiple cell clusters
were not significantly different (P  0.05), suggesting that
the m1 mutation, which disrupts membrane insertion of
TGBp3, also inhibits GFP:TGBp3 cell-to-cell movement.
The proportions of cell clusters containing GFP:
TGBp3m2, GFP:TGBp3m3, GFP:TGBp3m2C, or -GFP:
TGBp3m3C were less than the proportion of sites con-
taining GFP:TGBp3 in N. benthamiana and TGB100 leaves
(Table 1). Between 10 and 14% of sites contained each of
these mutant proteins in clusters of adjacent cells (Table 1).
The proportion of multiple cell clusters containing GFP:
TGBp3m2, GFP:TGBp3m3, GFP:TGBp3m2C, or GFP:
TGBp3m3C were not significantly different in N.
benthamiana or TGB100 leaves (P  0.05). However, they
Fig. 6. The abilities of PVX204e, PVX204p3m1, PVX204p3m2, PVX204p3m3, PVX204m2C, and PVX204m3C mutations to move cell-to-cell were
compared. Viruses were inoculated to N. tabacum (A) and N. benthamiana (B) plants. The diameter of infection foci on virus-inoculated leaves was measured
at 9, 13, 16, and 20 dpi. The average diameter was determined for each PVX virus at each time point. PVX204 spread systemically by 13 dpi on both hosts.
Cell-to-cell movement of PVX204p3m2 and PVX204p3m3 was slower than PVX204. PVX204p3m3 moved systemically. Cell-to-cell movement of
PVX204p3m1, PX204p3m2C, and PVX204p3m3C was not observed.
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Fig. 7. Representative images of wild-type and GFP:TGBp3 protein ob-
served on various hosts in studies of protein cell-to-cell movement. (A)
Representative images of GFP:TGBp3, GFP:TGBp3m1, GFP:TGBp3m2,
and GFP:TGBp3m3 on TGB100 leaves. GFP:TGBp3 was often detected in
two or more adjacent cells. Significantly fewer sights contained GFP:
TGBp3m2, and GFP:TGBp3m3 in two or more adjacent cells. The pro-
portions of multiple cell clusters are indicated in Table 1. Bars  50 m.
(B) Representative images of GFP:TGBp3 in single cells in N. tabacum
(here is cultivar Samsun nn), N. clevelandii, L. esculentum, and G. glo-
bossa. Table 3 indicates that GFP:TGBp3 accumulated primarily in single
cells in these hosts.
Fig. 8. Two models explaining cell-to-cell movement of TGBp3 during
PVX infection. (A) TGBp3 (red box) is anchored to the ER membrane as
it moves through the plasmodesmata. TGBp1 (grey sphere) binds to the
C-terminal region of TGBp3 and targets it to the plasmodesmata. TGBp1
induces plasmodesmata gating for transport of the complex into the adja-
cent cell. (B) TGBp3 is anchored to the ER as it moves through the
plasmodesmata. TGBp3 requires TGBp1 to move through plasmodesmata.
TGBp1 may act at the plasmodesmata to induce plasmodesmata gating and
thereby promote movement of TGBp3 into adjacent cells. The N-terminal
region of TGBp3 anchors the protein to the ER as it moves through
plasmodesmata. The C-terminal portion of TGBp3 binds to another factor
(black sphere) that is unknown. This factor may be a host protein, viral
protein (such as TGBp1, TGBp2, or CP), or viral nucleic acid. Further
research is needed to identify this factor.
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were significantly different from GFP:TGBp3 (P  0.05),
suggesting that these mutations altered, but did not com-
pletely inhibit, cell-to-cell movement of GFP:TGBp3.
BFA inhibits GFP:TGBp3 cell-to-cell movement
Evidence in tobacco leaves that membrane association
and cell-to-cell movement of TGBp3 is blocked by the m1
mutation is not direct evidence that TGBp3 requires cellular
membranes for cell-to-cell movement. Since the m2, m3,
m2C, and m3C mutations, which are not in the mem-
brane-spanning domain, hinder protein movement in to-
bacco leaves, it is possible that there are other activities of
TGBp3 that may be altered by the m1 mutation. Therefore,
experiments were conducted to determine if an intact ER
network is required to promote GFP:TGBp3 cell-to-cell
movement.
Detached N. benthamiana, nontransgenic N. tabacum, or
TGB100 N. tabacum leaves were bombarded with pRTL2-
GFP:TGBp3 or pRTL2-GFP plasmids and then incubated in
a solution containing BFA. To optimize experimental con-
ditions, leaves were incubated in BFA in the dark at room
temperature directly after bombardment, 4, 8, or 16 hpb.
Leaves were viewed by epifluorescence microscopy at
20–24 hpb to determine if disruption of the ER network
would inhibit protein cell-to-cell movement. Control leaves
were incubated in a solution of 0.1% DMSO or water.
Leaves were analyzed using confocal microscopy and it was
apparent that the ER network was disrupted in GFP:TGBp3-
bombarded leaves treated with BFA. In these experiments,
GFP:TGBp3 was associated with the polygonal network
only in leaves incubated in 0.1% DMSO or water (data not
shown). Neither water nor 0.1% DMSO had an effect on
protein cell-to-cell movement. The results of experiments
using either control were similar (Table 2). In leaves that
were bombarded and directly added to BFA there was little
protein expression observed. The effect of BFA on the ER
may have indirectly reduced protein translation in the cell.
In leaves incubated in BFA starting at 4, 8, or 16 hbp the
results were similar. BFA blocked cell-to-cell movement of
GFP:TGBp3 in N. benthamiana and TGB100 leaves.
Cell-to-cell movement of GFP:TGBp3 was reduced in
BFA-treated N. benthamiana or TGB100 leaves. While 21
to 27% of the sites containing GFP:TGBp3 in water- or
DMSO-treated leaves were multiple cell clusters, between 2
and 6% of sites viewed in BFA-treated leaves contained
GFP:TGBp3 in two adjacent cells (Table 2). Thus, BFA
treatment specifically inhibited GFP:TGBp3 cell-to-cell
movement. These data suggest that, in N. benthamiana and
in N. tabacum, cell-to-cell movement of GFP:TGBp3 may
require the ER network.
N. benthamiana, nontransgenic N. tabacum, or TGB100
N. tabacum leaves bombarded with pRTL2-GFP and treated
with 0.1% DMSO, water, or BFA contained fluorescence
primarily in single epidermal cells (Table 2). Between 2 and
4% of sites viewed in N. benthamiana, nontransgenic N.
tabacum, or TGB100 N. tabacum leaves contained GFP in
cell clusters. BFA did not alter the ability of GFP to move
between adjacent cells (Table 2).
GFP:TGBp3 does not move cell-to-cell in six hosts
The data presented in this and in a previous study (Krish-
namurthy et al., 2002) suggest that TGBp2 and TGBp3
cell-to-cell movement may be host dependent and that in the
case of PVX, we may need to consider host-specific models
to explain virus cell-to-cell movement. Moreover, since
TGBp2 and TGBp3 can move between adjacent cells in N.
benthamiana leaves, but requires TGBp1 to move in N.
tabacum leaves, we do not know if these proteins have the
intrinsic ability to move cell-to-cell in most hosts. Perhaps
protein plasmodesmata transport seen in N. benthamiana
leaves is an intrinsic property of this host and may not
reflect an activity of TGBp2 or TGBp3. Therefore, pRTL2-
GFP:TGBp2 and -GFP:TGBp3 plasmids were bombarded
Table 2
Cell-to-cell movement of GFP and GFP:TGBp3 in N. benthamiana,
nontransgenic N. tabacum, and TGB100 leaves untreated, or treated with
BFA
Plantsb Proportion of sites containing GFP
activity in multiple cellsa
pRTL2-GFP pRTL2-GFP:TGBp3
Leaves were incubated for 4 h and then for 16 h in BFA or water
following bombardmentc
N. benthamiana 0% (0/71) 27.6% (51/185)
N. benthamiana  BFA 2.3 (2/87) 2.5 (3/120)
N. tabacum 1.7 (2/115) 0 (0/50)
N. tabacumBFA 1.2 (2/172) 3.1 (2/64)
TGB100 0 (0/80) 24.0 (44/183)
TGB100  BFA 0 (0/47) 2.8 (4/144)
Leaves were incubated for 16 h and then 2–4 h in BFA or 0.1%
DMSOc
N. benthamiana 2.9% (3/103) 26.8 (30/112)
N. benthamianaBFA 3.8 (4/106) 5.8 (6/103)
N. tabacum 2.8 (3/106) 2.9 (3/104)
N. tabacumBFA 2.9 (3/103) 2.9 (3/102)
TGB100 3.8 (4/105) 21.6 (24/111)
TGB100 BFA 3.8 (4/106) 5.7 (6/106)
a Percentages of fluorescent cell clusters observed 1 dpb in N. benthami-
ana, nontransgenic and in TGB100-transgenic N. tabacum leaves are
indicated. Cell clusters are defined as two or more adjacent cells. The total
numbers of fluorescent sites that were cell clusters relative to the total
number of fluorescent sites are in parentheses.
b In this table untreated leaves were incubated in 0.1% DMSO and
treated leaves were incubated in BFA for 4 h.
c Eight leaves of each N. benthamiana, N. tabacum, or TGB100, were
bombarded with plasmids and then infiltrated with a solution of water, DMSO,
or BFA. When leaves incubated in water or BFA directly after bombardment,
protein expression was hampered and the number of sites viewed on each leaf
was reduced significantly. Leaves that were incubated for 4 or 16 h and then
incubated in water, 0.1% DMSO, or BFA had a significantly greater number
of sites. To illustrate that protein movement was similar in water and 0.1%
DMSO controls, we present both types of data in this table.
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to source leaves of seven different PVX hosts to determine
if TGBp2 and TGBp3 proteins can gate plasmodesmata and
move between adjacent cells.
Plasmids were bombarded to the leaves of N. tabacum
cultivars Petit Havanna and Samsun nn, N. clevelandii, and
N. benthamiana, Chenopodium quinoa, Gomphrena glo-
bosa, and Lycopersicon esculentum (Table 3 and Fig. 7).
Cell-to-cell movement of GFP:TGBp2 and GFP:TGBp3
was observed in N. benthamiana leaves but not in N. taba-
cum, N. clevelandii, C. quinoa, G. globosa, or L. esculentum
leaves (Table 3). These data suggest that TGBp2 and
TGBp3 do not have the ability to gate plasmodesmata and
move between adjacent cells in several PVX hosts.
Discussion
In this study, we used confocal microscopy, GFP fusions,
chemical inhibitors, amino acid sequence, and mutational
analyses to better understand the mechanisms underlying
PVX cell-to-cell movement. Our results indicate that PVX
TGBp3 is associated with the ER network and that this
association might be important for virus cell-to-cell move-
ment. Cell-to-cell movement of GFP:TGBp3 in N.
benthamiana and TGB100 leaves correlates with its ability
to associate with the ER network. The m1 mutation disrupts
membrane binding by GFP:TGBp3, inhibits GFP:TGBp3
cell-to-cell movement, and inhibits PVX cell-to-cell move-
ment (Figs. 1, 4, 5, and Table 1). In addition, protein
cell-to-cell movement was arrested in leaves bombarded
with pRTL2-GFP:TGBp3 and treated with BFA (Table 2).
BFA and latrunculin B were used to test the hypothesis
that the reticulated network is the ER network. BFA has
been shown previously to disrupt the ER (Henderson et al.,
1994; Ritzenthaler et al., 2002). The distribution of cisternal
and tubular ER was somewhat altered in mGFP5-ER- and
GFP:TGBp3-expressing cells treated with latrunculin B.
The effect of latrunculin B on the distribution of the ER has
not been extensively analyzed in epidermal cells. However,
there was a report using onion bulb epidermal cells and the
actin-inhibiting chemical, cytochalasin D (Knebel et al.,
1990). In a previous study, cytochalasin D caused peripheral
ER tubules to fuse into cisternae. The ER is a dynamic
network and tubules within the peripheral ER require actin
to maintain their mobility. The network tubules often
change in size and position and appear to vibrate. New
tubules may also form from cisternae, may elongate, or
retract along a single trajectory. ER cisternae may also
change in size by enlarging or shrinking. Cytochalasin D,
which depolymerizes actin filaments, was shown to inhibit
movement and changes in the shape of the ER network
(Knebel et al., 1990). In this study, tobacco leaf epidermal
cells expressing mGFP5-ER or GFP:TGBp3 and treated
with latrunculin B, cisternal ER was more pronounced than
in nontreated cells. The effects of latrunculin B on the ER in
mGFP5-ER- or GFP:TGBp3-expressing cells are reminis-
cent of the effects of cytochalasin D on the ER, as reported
previously (Knebel et al., 1990).
In this study we explored the pattern of GFP:TGBp3
accumulation when it is overexpressed from a CaMV 35S
promoter. We were unable to directly determine if TGBp3
is membrane associated during virus infection. TGBp3 ac-
cumulates to low levels during virus infection and is not
easy to detect. Currently there are no antibodies available
for immunolocalization analysis to study the pattern of
TGBp3 accumulation during virus infection. GFP could not
be fused to TGBp3 within the PVX genome to study protein
accumulation during the course of virus infection. A large
portion of the TGBp3 open reading frame overlaps TGBp2
and therefore GFP could not be fused to the 5 end of
TGBp3 without disrupting expression of TGBp2. Previous
attempts to fuse GFP to the 3 end of TGBp3 within the
viral genome have not been successful (Verchot and Baul-
combe, unpublished data). In that case GFP expression
could not be detected (data not shown). While we lack
conclusive evidence that TGBp3 is membrane associated
during virus infection, we provide strong correlative evi-
dence indicating that TGBp3 has a single transmembrane
Table 3
Cell-to-cell movement of GFP, GFP:TGBp2, and GFP:TGBp3 proteins
Plants Proportion of sites containing GFP activity in cell clustersa
GFP GFP:TGBp2 GFP:TGBp3
Nicotiana tabacum cv. Petit Havanna 0% (0/80)aA 3.3 (3/92)aAB 9.5% (7/74)bB
N. tabacum cv. Samsun nn 3.3 (2/60)aAB 3.3 (3/90)aA 8.3 (5/60)bB
N. benthamiana 2.9 (3/102)aA 26.7 (27/105)bB 23.8 (25/105)cB
N. clevelandii 0.0 (0/82)aA 4.0 (4/90)aA 0.0 (0/89)aA
Chenopodium quinoa 0.0 (0/90)aA 0.0 (0/90)aA 0.0 (0/90)aA
Gomphrena globosa 1.7 (1/60)aA 1.7 (1/60)aA 0.0 (0/60)aA
Lycopersicon esculentum cv. Trust 0.0 (0/90)aA 0.0 (0/90)aA 0.0 (0/90)aA
a Percentages of fluorescent cell clusters observed 1 dpb in source leaves are indicated. Cell clusters are defined as two or more adjacent cells. The total
numbers of fluorescent sites that were cell clusters relative to the total number of fluorescent sites are in parentheses. Values followed by the same lowercase
letter within each column are not significantly different using Fisher’s exact test of SAS at P  0.05. Values followed by the same uppercase letter in each
row are also not significantly different using Fisher’s exact test at P  0.05.
146 K. Krishnamurthy et al. / Virology 309 (2003) 135–151
domain near the N-terminus of the protein and mutations
eliminating membrane binding of TGBp3 also eliminate
virus infection.
The effects of the m2, m3, m2C, and m3C mutations
on protein movement do not directly correlate with their
effects on virus movement. While the proportions of mul-
tiple cell clusters observed in bombarded leaves expressing
the GFP:TGBp3m2, GFP:TGBp3m3, GFP:TGBp3m2C,
and GFP:TGBp3m3C proteins were similarly reduced in
comparison to leaves expressing GFP:TGBp3 (Table 1), the
mutations had different effects on virus movement. The
m2C and m3C mutations eliminated virus cell-to-cell
movement; the m2 mutation had some effect on the rate of
virus cell-to-cell movement and inhibited virus vascular
transport, and the m3 mutation had some effect on the rate
of virus movement but did not block systemic spread (Figs.
5 and 6).
One explanation is that sequences within the C-terminal
domain of TGBp3 might play a role in protein–protein
interactions that are necessary for virus movement but are
less essential for protein cell-to-cell movement. TGBp3
might interact with an unknown host factor, viral RNA, or
viral proteins such as TGBp1, TGBp2, or CP. Since the m2,
m3, m2C, and m3C mutations had similar effects on
protein cell-to-cell movement in N. benthamiana and
TGB100 leaves, we have no evidence to suggest that these
mutations specifically alter the ability of TGBp3 to interact
with TGBp1 or an unknown host factor which facilitates
TGBp3 plasmodesmata transport in both tobacco hosts.
Another possibility is that the expression level of TGBp3 is
affected by the mutations in the PVX constructs and this
may alter virus movement. This was shown for TMV. The
amount of P30 movement protein present in transgenic
leaves affected local and systemic virus spread. The levels
of virus accumulation in P30-expressing transgenic plants
infected with P30-defective TMV was greatest in plants
expressing high levels of transgenically expressed protein
and was minimal in transgenic plants expressing low levels
of P30 protein (Arce Johnson et al., 1995). In the case of
PVX, further research is needed to determine if the amount
of TGBp3 expressed from PVX is important for virus move-
ment and if mutations in TGBp3 affect protein expression in
PVX.
While there is no evidence for TGBp3 interactions with
CP or viral RNA, there is evidence TGBp2 and TGBp3
interact. In cells expressing both the hordeivirus TGBp2 and
the TGBp3 proteins, the pattern of protein accumulation is
altered in comparison to the patterns observed in cells ex-
pressing the individual proteins (Solovyev et al., 2000;
Zamyatnin et al., 2002). The hordeivirus TGBp2 associates
mostly with the ER, while TGBp3 associates with mem-
brane bodies at the periphery of the cell (Solovyev et al.,
2000). In cells expressing both hordeivirus proteins, TGBp3
redirects TGBp2 from the ER to the peripheral bodies (So-
lovyev et al., 2000; Zamyatnin et al., 2002). In the case of
PVX, previous studies demonstrated that cell-to-cell move-
ment of TGBp1 is blocked by the combined TGBp2 and
TGBp3 proteins but is unaffected by the individual TGBp2
and TGBp3 proteins (Yang et al., 2000). A model was
proposed suggesting that TGBp2 and TGBp3 together an-
chor the viral movement complex to cellular membranes as
it moves through the plasmodesmata (Lough et al., 1998,
2000; Solovyev et al., 2000). Although there is no direct
evidence the C-terminal domain of TGBp3 interacts with
any specific factor, based on previous studies it is reason-
able to suggest that TGBp3 might interact with TGBp2
within a complex that is important for virus plasmodesmata
transport.
Previously it was shown that GFP:TGBp2 and GFP:
TGBp3 can move cell-to-cell in N. benthamiana but not in
N. tabacum leaves (Krishnamurthy et al., 2002). These
results begged the question, do TGBp2 and TGBp3 have the
intrinsic abilities to gate plasmodesmata, or is this a phe-
nomena that occurs only in N. benthamiana leaves? If we
wish to build a model explaining PVX movement, it is
important to determine the exact properties of TGBp2 and
TGBp3 in relation to plasmodesmata transport. In six PVX
hosts tested in this study, TGBp2 and TGBp3 could not
move cell-to-cell independently. TGBp2 and TGBp3 accu-
mulated primarily in single cells in leaves of N. tabacum
cultivars Petit Havanna and Samsun nn, N. clevelandii, C.
quinoa, G. globosa, and L. esculentum. Since TGBp1 is
required for cell-to-cell transport of TGBp2 and TGBp3 in
N. tabacum, it might also be essential for protein movement
in these other PVX hosts. Since TGBp2 and TGBp3 do not
require TGBp1 to move through plasmodesmata in N.
benthamiana, it is possible that the requirements for PVX
cell-to-cell movement in N. benthamiana might be different
than in other PVX hosts.
Based on the results presented in this study, we propose
two models for TGBp3 cell-to-cell transport in N. tabacum
leaves (Fig. 8). In both models presented in Fig. 8, TGBp3
is ER-associated as it moves through the plasmodesmata. In
the first model, TGBp1 binds TGBp3 to promote its move-
ment through plasmodesmata (Fig. 8A). TGBp1 induces
plasmodesmata gating and chaperones TGBp3 through the
plasmodesmata while it is tethered to the ER. In the second
model, TGBp1 acts as the plasmodesmata to induce gating,
and thereby, promotes TGBp3 plasmodesmata transport
(Fig. 8B). For virus cell-to-cell movement the C-terminal
domain of TGBp3 binds another factor that may be a host or
viral protein (such as TGBp2). This factor may aid in
promoting TGBp3 plasmodesmata transport and is essential
virus cell-to-cell movement.
Materials and methods
Bacterial strains and plasmids
All plasmids were constructed using Escherischia coli
strain JM109 (Sambrook et al., 1989). The plasmid pRTL2-
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GFP was obtained from Dr. B. Ding (Ohio State University,
OH) and contains EGFP (Clontech, Palo Alto, CA). The
plasmid pRTL2 contains the CaMV 35S promoter and To-
bacco etch virus (TEV) translational enhancer element
(Carrington and Freed, 1990). The plasmid pBIN-
mGFP5-ER plasmid was obtained from Dr. J. Hasselof
(MRC Laboratory of Molecular Biology, Cambridge, UK)
and contains a modified GFP (mGFP5-ER) fused to se-
quences that encode endoplasmic reticulum targeting and
retention signals (Siemering et al., 1996). The plasmid
pGFP-MBD was a generous gift from Dr. R. Cyr (Penn
State University, PA) (Marc et al., 1998). The plasmid
contains GFP fused to the 5 end of the microtubule-binding
domain (MBD) of MAP4. The plasmids pRTL2-GFP:
TGBp3 and pRTL2-GFP:TGBp2 contain EGFP fused to the
5 end of the PVX TGBp3-coding sequence and were de-
scribed previously (Krishnamurthy et al., 2002).
All other plasmids were prepared by a two-step PCR
procedure (Yang et al., 2000) and sequences were con-
firmed using the Applied Biosystems ABI Prism Big Dye
Terminator Cycle Sequencing Ready Reaction Kit (version
2.0) and an Applied Biosystems 3700 Capillary DNA Se-
quencer (Applied Biosystems, Foster City, CA). The plas-
mid pRTL2-GFP:Talin contains EGFP fused to the F-actin-
binding domain of mouse Talin (Kost et al., 1998; McCann
and Craig, 1997). EGFP was amplified using a forward
primer containing an XhoI site and a reverse primer con-
taining sequences overlapping the 3 end of the Talin F-
actin-binding domain. Similarly, the F-actin-binding do-
main of Talin was amplified using a forward primer
complementary to the GFP reverse primer and a reverse
primer containing an additional XbaI site. These two PCR
products were annealed and the EGFP forward primer and
the F-actin 3 reverse primer were used to PCR amplify the
fused genes. The final PCR product was gel purified. PCR
products and pRTL2 plasmids were digested with XhoI and
XbaI, gel purified, and ligated.
Three mutations were separately introduced into pRTL2-
GFP:TGBp3 plasmids. pRTL2-GFP:TGBp3m1 has a sub-
stitution mutation located between 58 and 66 nucleotides
(nts) from the 5 end of the TGBp3 coding sequence. The
plasmid pRTL2-GFP:TGBp3m2 has substitution mutation
located 106 to 114 nts and pRTL2-GFP:TGBp3m3 has a
substitution mutation located 163 to 171 nts from the 5 end
of the TGBp3 coding sequence. For all three mutations, nine
nts (AGTCGACCA) encoding Ser-Arg-Pro replaced either
nine nts (GCAGTCATT) encoding Ala-Val-Ile for the m1
mutation, nine nts (ATTACTGGG) encoding Ile-Thr-Gly
for the m2 mutation, or nine nts (GCCATTGCC) encoding
Ala-Ile-Ala for the m3 mutation. The substitution mutations
also contain a SalI restriction site (underlined).
To prepare the plasmids pRTL2-GFP:TGBp3m1, -GFP:
TGBp3m2, and -GFP:TGBp3m3, complementary forward
and reverse M1, M2, and M3 primers were used. The M1
primers correspond to the TGBp3 coding sequence sur-
rounding nt positions 46 to 78. The M2 primers surround nt
positions 94 to 126 within the TGBp3 coding sequence. The
M2 primers contain 14 nts 5 of the insertion site and 23 nts
3 of the insertion site. The M3 primers correspond to
TGBp3-coding sequences surrounding nt positions 151 to
183 plus the insertion mutation. A similar PCR strategy was
used for preparing each GFP:TGBp3 mutant. In the first
PCR step, a EGFP forward primer (which contains an NcoI
site adjacent to the EGFP translation start site) and M1, M2,
or M3 reverse primers were used to PCR amplify a fragment
of GFP:TGBp3 using pRTL2-GFP:TGBp3 as a template.
The M1, M2, or M3 forward primers combined with the
TGB3 reverse primer were used to PCR amplify a fragment
of the TGBp3-coding sequence. The TGB3 reverse primer
contains a sequence adjacent to the TGBp3 translational
stop codon that was a BamHI restriction site. In the final
step, the EGFP and the TGBp3 PCR products were annealed
to each other and the EGFP forward primer and the TGB3
reverse primer were used to PCR amplify the GFP:TGBp3
fused genes. The GFP:TGBp3m1, GFP:TGBp3m2, or GFP:
TGBp3m3 PCR products and pRTL2 plasmids were each
digested with NcoI and BamHI and then ligated.
The pRTL2-GFP:TGBp3m2C has 106 nts deleted and
pRTL2-GFP:TGBp3m3C has 50 nts deleted from the 3
end of TGBp3. The m2 and m3 substitution mutations
described above contain a SalI restriction site. There is also
a unique BamHI site located at the 3 end of GFP:TGBp3.
Therefore, pRTL2-GFP:TGBp3m2 and -GFP:TGBp3m3
were each digested with SalI and BamHI and the linearized
plasmids were made blunt using T4 DNA polymerase. Plas-
mids were then self-ligated.
Six PVX constructs were also prepared using two-step
PCR (Yang et al., 2000). The pPVX204 plasmid was ob-
tained from Dr. D.C. Baulcombe (Sainsbury Laboratory,
Colney, UK) and contains the PVX genome and the GFP
gene. To prepare pPVX204e, the original GFP was replaced
with EGFP. First the TGB1 forward primer (extending from
nt positions 4938–4964 of the PVX204 genome) and a
TGB3 reverse primer (containing nts 5651–5671 of the
PVX204 genome plus 15 nts of the EGFP sequence) were
used to PCR amplify a fragment of the PVX genome. Then
the TGB3 forward primer (overlapping nt position 5657–
5671 of the PVX204 genome plus 21 nts of the EGFP
sequence) and the EGFP reverse primer containing an ad-
ditional SalI site was used to PCR amplify EGFP. The two
PCR products were annealed and the TGB1 forward and
EGFP reverse primers were used to PCR a large fragment.
The pPVX204 plasmid and PCR products were digested
with ApaI and SalI, gel purified, and then ligated.
To prepare pPVX204p3ml, pPVX204p3m2, and
pPVX204p3m3 plasmids, the TGBp1 forward primer and
M1, M2, or M3 reverse primers were used to PCR amplify
a fragment of pPVX204e. M1, M2, or M3 forward primers
and the EGFP reverse primer were used to PCR amplify a
second fragment of PVX204e. These PCR products were
annealed. The TGB1 forward primer and EGFP reverse
primer were used to PCR amplify a final product containing
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M1, M2, or M3 mutations. The PCR products and PVX204
were digested with ApaI and SalI, gel purified, and then
ligated.
The TGBp3 sequenced deleted in the pRTL2-GFP:
TGBp3m2C and -GFP:TGBp3m3C mutations were also
deleted in the PVX genome in the plasmids pPVX204p3m2C
and pPVX204p3m3C. The plasmid pPVX204p3m2C has
sequences deleted between nt position 5637 and 5642, near the
3 end of TGBp3. The plasmid pPVX204p3m3C has se-
quences between nt position 5532 and 5636 deleted. To pre-
pare pPVX204p3m2C and pPVX204p3m3C, the same
TGB1 forward primer and either the p3m2C or the p3m3C
reverse primers were used to PCR amplify a fragment of PVX
204e. A second fragment of PVX204e was PCR amplified
using p3m2C and p3m3C forward primers and the EGFP
reverse primer. The PCR products were annealed and then
amplified using TGB1 forward and EGFP reverse primers to
produce the final mutant products. The PCR products and
PVX204e were digested with ApaI and SalI and then ligated as
described above. The p3m2C primers surround nt positions
5511 and 5642 within the PVX sequence. These primers con-
tain 21 nts between 5511 and 5531 followed by the 9 nts
(AGTCGACCA) contained in the M2 mutation and then 6 nts
between 5637 to 5642 which contain the TGBp3 stop codon.
The p3m3C primers surround nt positions 5570 to 5642
within the PVX sequence. These primers contain 21 nts be-
tween 5570 and 5589 followed by 9 nts (AGTCGACCA)
contained in the M3 mutation and then 6 nts between 5637 and
5642 which contain the TGBp3 stop codon.
Plant material
N. benthamiana, N. tabacum (cvs. Petit Havana, and
Samsun nn), N. clevelandii, C. quinoa, G. globosa, and L.
esculentum cv Trust leaves were used in these experiments.
TGB100 transgenic tobacco express PVX TGBp1, are sus-
ceptible to PVX infection, and can complement cell-to-cell
movement of TGBp1-defective PVX viruses, as previously
described (Verchot et al., 1998; Yang et al., 2000). In
addition, GFP:TGBp3-expressing transgenic N. tabacum
plants were also used.
Biolistic bombardment
N. benthamiana source leaves, nontransgenic N. tabacum
source and sink leaves, and TGB100 source and sink leaves
were used for these experiments. Source and sink leaves
were identified by applying CF dye (Sigma, St. Louis, MO)
to the petiole of the most mature leaf of an N. benthamiana
or N. tabacum plant (Krishnamurthy et al., 2002; Yang et
al., 2000). Plants were kept in the dark overnight and the
next day leaves were detached and observed using an epi-
fluorescence microscope and a 10 objective lens. CF dye
was detected uniformly in sink leaves. CF dye was detected
only in the veins in source leaves. Following the CF dye
experiments, source or sink leaves were detached from
plants of similar age and bombarded with plasmids using
the PDS 1000/He System (Bio-Rad, La Jolla, CA).
Leaves were bombarded with 10 g plasmids mixed
with 1 mg of 1 m gold particles; 10 l of a DNA/gold
mixture was loaded on a carrier disk and bombarded to
detached leaves as described previously (Yang et al., 2000).
The leaves were observed 24 h hpb using epifluorescence
microscopy to detect GFP expression (Yang et al., 2000).
For plant inoculations, young N. tabacum or N.
benthamiana plants were bombarded with wild-type and
mutant PVX204e plasmids using the Helios gene gun (Bio-
Rad, LaJolla, CA). Gene delivery cartridges were loaded
with a mixture of 0.5 mg gold particles and 5 g plasmid
using a Tubing Prep Station according to the manufacturer’s
instructions (Bio-Rad, La Jolla, CA). Gold-coated tubing
was cut into 0.5-in. pieces to make the gene delivery car-
tridges and used for bombardment of leaves at a pressure of
160 kPa.
Chemical inhibitor treatments of leaves
Nontransgenic N. tabacum or TGB100 leaves were bom-
barded with pBIN-mGFP5-ER or pRTL2-GFP:TGBp3 plas-
mids and incubated overnight (16 h) on moist filter paper.
Leaves were cut into segments, analyzed by epifluorescence
microscopy to detect GFP expression, and then transferred
to a solution of either 200 g/ml of BFA or 1 M latrun-
culin B (Molecular Probes, Eugene, OR). BFA or latruncu-
lin B were each dissolved in 0.1% DMSO solution. Leaf
segments were incubated in each chemical inhibitor solution
for 2 to 4 h and then analyzed by confocal laser scanning
microscopy. As a control, leaf segments were incubated in
a solution of 0.1% DMSO or water for 2 to 4 h and then
analyzed by confocal laser scanning microscopy.
Microscopy
GFP cell-to-cell movement in tobacco leaves was studied
using a Nikon E600 (Nikon Inc., Dallas, TX) epifluores-
cence microscope with a Nikon B2A filter cube (containing
a 470–490 nm excitation filter, a DM505 dichroic mirror,
and a BA520 barrier filter). Images were captured using the
Optronics Magnafire camera (Intelligent Imaging Innova-
tions, Inc., Denver, CO) attached to the Nikon E600 micro-
scope. A Leica TCS SP2 (Leica Microsystems, Bannock-
burn, IL) or a Bio-Rad 1024ES (La Jolla, CA) confocal
imaging system was used to study subcellular localization
of GFP fusion proteins in tobacco epidermal cells. The
Leica TCS SP2 system was attached to a Leica DMRE
microscope. The Bio-Rad 1024ES system was attached to a
Zeiss Axioskop (Carl Zeiss, Thornwood, NY). Both micro-
scopes were equipped with epifluorescence and water im-
mersion objectives. The 488-nm excitation wavelength pro-
duced by krypton/argon lasers was used to examine GFP
expression. Fluorescence emissions were detected at 522 to
535 nm. Fifteen to thirty optical sections were taken of each
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cell at 0.3- to 2-m intervals. All images were processed
using Adobe Photoshop version 4.0 software (Adobe Sys-
tems Inc., San Jose, CA).
Statistical analyses
All data analysis was conducted using procedures from
SAS (Cary, NC), and a significance level of 0.05 was used
for all mean comparisons. Statistical analysis in Tables 1
and 2, comparing the effects of plasmid and leaves, was
assessed by chi-squared tests using PROC FREQ. Each
factor’s simple effects were analyzed by fixing the other
factors. Fisher’s exact test was used for Table 3. Fisher’s
exact test is similar to a chi-squared test but is preferred in
this case because may of the samples have low percentages
(most of them were zero).
Sequence alignments and prediction of transmembrane
domains
The TGBp3 sequences of 10 potexviruses were obtained
by searching the National Center for Biotechnology Infor-
mation (NCBI) database using Entrez-Protein. The TGBp3
amino acid sequences of PVX (Accession No. BAB83125),
Clover yellow mosaic virus (CYMV) (NP077082), Potato
aucuba mosaic virus (AAB32334), Bamboo mosaic virus
(BaMV) (NP042586), Papaya mosaic virus (PMV)
(BAA03053), Cymbidium mosaic virus (CyMV)
(AAB71856), Foxtail mosaic virus (FMV) (NP040991),
Cactus virus X (CVX) (NP148780), Cassava common mo-
saic virus (CsCMV) (NP042698), and White clover mosaic
virus (WCIMV) (C34002) were aligned using ClustalW
(SDSC Biology Workbench, San Diego, CA). The default
matrix settings (gonnet) and gap penalty (10) were main-
tained for this alignment. Conserved residues were identi-
fied by the method of Bordo and Argos (1991). The multiple
sequence alignment was imported into the TMAP version
3.2 (SDSC Biology Workbench). TMAP utilizes an algo-
rithm to identify transmembrane segments of aligned se-
quences (Persson and Argos, 1994).
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